Abstract Stereotactic ablative radiotherapy (SABR), also named stereotactic body radiation therapy, entails the delivery of individual ablative doses of radiation to the tumor volume with a very steep dose gradient beyond the tumor volume using highly conformal techniques and has been used to treat primary and metastatic lung tumors with promising results achieved. As a result of the delivery of individual ablative doses to the lung, the resulting inflammatory (acute) and fibrotic (late) reactions are more intense, rendering interpretation of post-SABR imaging changes difficult. Different early and late injury patterns have been described based on computerized tomography (CT) by various groups of researchers. Although the data on post-SABR imaging changes are emerging, there are still challenges distinguishing between post-treatment changes and tumor progression. The necessity for evaluation based on serial imaging cannot be overemphasized. Controversies still exist as to whether CT or positron emission tomography (PET) should be used for followup. Since CT and PET are the most commonly used imaging modalities for follow-up after SABR, they will be the foci of this review article.
Introduction
Stereotactic ablative radiotherapy (SABR), also named stereotactic body radiation therapy (SBRT), entails the delivery of individual ablative doses of radiation to the tumor volume with a very steep dose gradient beyond the tumor volume using highly conformal techniques [1] . SABR challenges the dogma of classical radiobiology for fractionated radiotherapy. The tumor and the adjacent normal lung parenchyma are likely damaged by the ablative doses of radiation, but if the damaged lung parenchyma is small in amount and if there is no eloquent tissue included in the prescribed isodose line, clinically significant toxicities will not develop [2] . To facilitate the safe delivery of SABR, proper equipment and training of personnel in the treatment team are essential. On-board imaging is required to verify the position of the tumor prior to treatment delivery.
Data from multiple retrospective studies and prospective clinical trials from across the world have demonstrated the safety and efficacy of SABR for the treatment of early-stage, predominantly medically inoperable, stage I non-small-cell lung carcinoma (NSCLC) [1, 2] . Most studies observed a local control rate of~90% or higher. Different regimens have been used in clinical trials, but the treatment outcomes are comparable. SABR has also been used to treat lung oligometastases, and similarly, high rates of local control were reported in the literature although a substantial proportion of patients develop out-of-field recurrence [1] .
Imaging changes after SABR for lung tumors can be confusing. Because ablative doses of radiation are given during SABR, the resulting inflammatory (acute) and fibrotic (late) reactions will be more intense [3] . As a result, it can be challenging to distinguish post-treatment changes from tumor progression. Computerized tomography (CT) and positron emission tomography (PET) are typically used for initial staging and for follow-up after SABR, and therefore, this review will focus on imaging changes on CT and PET.
Imaging changes on CT
Depending on the technique used, SABR typically utilizes multiple non-opposing and non-coplanar beans converging at the center of the lung tumor, generating a very steep dose gradient between the periphery of the planning treatment volume (PTV) and normal lung parenchyma [2] . The isodose distribution and radiobiologic effects of SABR are different from those of conventionally fractionated radiation therapy, and the radiographic changes typically conform to the shape of the PTV, which contains the gross tumor and a rim of normal lung parenchyma within the prescribed isodose line and possibly the shape of intermediate isodose shells.
Radiation injury after SABR can be classified as early and late, as in conventional radiotherapy. Early reaction usually occurs 1-6 months after treatment and late reaction beyond 6 months [3] [4] [5] . However, radiographic changes of normal lung parenchyma do not usually develop less than 3 months after SBRT. Early reaction such as radiation pneumonitis can progress to radiation fibrosis beyond 6 months after treatment, although patients may develop radiation fibrosis even without preceding radiation pneumonitis based on imaging findings [3] [4] [5] .
Colleagues from the Mallinckrodt Institute of Radiology observed different acute and chronic patterns of changes after SABR, similar to those described by Kimura et al. from Hiroshima University, Japan, in 2006 [3] [4] [5] [6] . Early changes are related to inflammation, and based on their observation, five different patterns have been observed [3- Guckenberger and colleagues observed the CT changes of 70 patients with 86 lung tumors (48 lung metastases and 38 primary NSCLC) treated with SBRT to dose regimens of 6-12.5 Gy × 3-8 fractions or 30 Gy × 1 based on 346 CT scans performed. Different early radiographic changes were observed, and they included ground-glass opacity, spotted condensation, and no change (76% within the first 6 weeks) [7] . Observed late radiographic changes, which developed 6-9 months after SABR, included streaky condensation, dense consolidation, and retraction [7] . The fibrotic changes tended to be confined to the 50-70% isodose lines. Continued changes in the volume and the appearance of the fibrotic areas were observed for years after SABR in some patients.
Other groups have also reported their observation of imaging changes after SABR for lung tumors. Investigators from the University of Alabama at Birmingham performed a dosimetric analysis of imaging changes after SABR for lung tumors to a dose of 30-60 Gy in 3 fractions and discovered that SABR-induced was very common and was well approximated by an 18-Gy isodose line based on a 3-fraction regimen [8] . Takeda et al. from Japan made an interesting observation that after SBRT for small peripheral lung tumors, early radiation-induced injury or radiation pneumonitis frequently started at the periphery of the PTV, but the CT changes eventually conformed to the PTV before late radiation-induced injury or radiation-induced fibrosis kicked in, typically more than 6 months after treatment [9] . The dense consolidation did not always precisely correspond to the PTV, and its shape and location might change dynamically during the first year. In another study by Takeda et al. where 50 patients with stage I NSCLC were treated with SABR to a dose of 50 Gy in 5 fractions, only 3 of 20 patients who had abnormal opacity were eventually found to have tumor recurrence [10] . Matsuo et al. from Kyoto University, Japan, evaluated the CT changes of 37 patients with 40 lung tumors treated with SBRT, using regimens of 10-12 Gy × 4-5 fractions and observed mass-like consolidation in 27 (68%) of 40 tumors at a median of 5 months [11] . A subsequent CT scan showed that only three (11%) of those truly represented local recurrence. One interesting finding was that on initial follow-up CT, there was no significant difference in the imaging findings comparing the group with fibrosis and the group with local recurrence, rendering evaluation of response at that time point difficult. None of the radiation-induced injury cases exhibited growth in size of the mass-like consolidation while all recurrence cases showed increase in size of the opacity [11] . Apart from increase in size of opacity after 12 months or longer, Kato and colleagues from Japan found that features such as a bulging margin, disappearance of air bronchograms, or appearance of pleural effusion were indicative of a local recurrence [12] . In a recent study from the Netherlands, Dahele et al. reviewed the CT of 61 patients with 68 lung tumors after SABR with at least 2 years of radiologic follow-up. All those patients had no evidence of local recurrence. Additional radiologic abnormalities, mostly scored as mild to moderate, occurred in 54% of lesions within 6 months and 99% after 36 months [13] . The median time to first development of radiologic abnormalities was 17 weeks. However, 25% of radiologic abnormalities occurred more than 1 year after SABR, and in 47% of lesions, the morphology or severity of changes continued to evolve more than 2 years after treatment [13] . Hof et al. from the University of Heidelberg discovered a significant correlation between dose level and the extent of normal tissue changes after single fraction SABR for lung tumors [14] . Palma et al. from the Netherlands showed that increased CT density was associated with a higher dose, increasing PTV size, and increasing time after SABR using regimens of 18 Gy×3, 11 Gy×5, and 7.5 Gy×8. Increased densities appeared in areas receiving >6 Gy, were most prominent in areas receiving >20 Gy, and appeared to plateau at >40 Gy. The reduction in the air-filled fraction of the lung after treatment was up to 18% in areas receiving >36 Gy [15] .
Based on our experience and data from the literature, it is sometimes difficult to distinguish between a mass-like consolidation and a tumor recurrence using CT imaging at one time point. Serial imaging studies and correlation of the SBRT isodose distribution and CT changes are important in order to determine whether the imaging changes are related to fibrosis or tumor recurrence. In general, fibrosis induced by ablative radiation doses tends to stabilize after 1-2 years. Figures 1 and 2 demonstrate the serial CT changes that occurred after SABR for medically inoperable NSCLC.
Imaging changes in PET
Fluorodeoxyglucose (FDG)-PET has been a useful tool for the evaluation of treatment response after conventional fractionated radiation therapy for NSCLC. It is unclear whether CT chest showed shrinkage and no other changes at 3, 9, and 12 months. CT chest at 24 months showed no additional radiologic abnormality trial maintained a moderate standardized uptake value (SUV) (defined as higher than 2.5) 22-26 months after treatment and upon longer follow-up (42-49 months), remaining alive without evidence of disease recurrence [16] .
In an Indiana University pilot trial of serial FDG-PET in patients with medically inoperable stage I non-small cell lung cancer treated with SABR, serial FDG-PET/CT was done before SBRT and at 2, 26, and 52 weeks after SABR. It was observed that patients with low pre-SBRT SUV were more likely to have an initial 2-week rise in SUV, and patients with high pre-SABR SUV frequently had a decline in SUV 2 weeks after treatment [17] . Six out of 13 patients had primary tumor maximum SUV of >3.5 at 12 months after SBRT but did without any evidence of local disease failure on subsequent follow-up. In a study from Kyoto University, Matsuo demonstrated that FDG uptake tended to be intense and well defined at early periods after SABR, especially within 6 months, and was faint and ill-defined at later periods. Moderate to intense FDG uptake on PET soon after SABR did not always represent a residual tumor [18] . Figures 3 and 4 showed the serial changes on FDG-PET after SABR.
Other studies have demonstrated good correlation between FDG-PET findings and response to treatment. Coon et al. found that after SABR for primary and recurrent NSCLC, and lung metastases, patients with stable disease, partial response, complete response, and progressive disease had a decrease in SUV of 28%, 48%, 94%, and 0.4%, respectively [19] . In a study by Fuss et al., 38 patients with stage I NSCLC were treated with SABR to doses ranging from 36 to 60 Gy in 3 fractions. Follow-up FDG-PET studies at an interval of 4-12 weeks were available in 30 patients. Changes in SUV were seen as early as 4 weeks, and there was a decrease of SUV to less than 3.0 in 28 patients at 12 weeks [20] . The remaining two patients without a decrease of SUV in the treated tumor developed local failure. Similar to the study by Fuss et al., Feigenberg et al. from Fox Chase Cancer Center found that a decrease of SUV on FDG-PET at 3 months after SABR strongly correlated with the local control in 18 patients treated for NSCLC. Sixty percent of patients with no decrease of SUV developed local failure 9 months to 1 year after post-SABR FDG-PET [21] .
Where do we go from here?
Given the ablative nature of SABR, the inflammatory and fibrotic reactions in the lung parenchyma are more intense after treatment [3] . Based on the observations from multiple studies, CT findings of radiation-induced injury usually do not appear within the first 6 weeks after SABR [7] . Early radiation injury, caused by inflammation, starts to occur 2-6 months after treatment. Different patterns of changes on CT have been observed by various groups [3] [4] [5] [6] [7] . Late radiation injury starts to develop 6-9 months after treatment, and similar to early effects, different injury patterns can occur. One of the late injury patterns, mass-like consolidation, can occur in a significant proportion of patients after SABR and is frequently the source of confusion [3, 10, 11] . Most of the cases of mass-like consolidation represent dense fibrosis rather than tumor progression [3, 10] . The area of consolidation frequently does not correspond precisely to the treated PTV and may continue to shift in position within 1 year after treatment [9] . In general, fibrotic changes should stabilize after 1-2 years. However, continued changes may Fig. 4 The right lung nodule was biopsy proven to be metastatic cervical carcinoma. Fused data from the PET/CT are shown (a). The lesion was treated with 12 Gy × 5 fractions and was reimaged at 4 months (b) and 13 months (c). Note the inflammation that was induced at 4 months and resolved at 13 months with lung parenchymal changes. Presumably, this showed evolution and resolution of acute radiation changes. The patient did not develop symptoms of radiation pneumonitis occur even after 2 years [13] . When there is growth of size of the mass consolidation, a bulging margin, loss of air bronchogram, or pleural effusion, tumor progression should be suspected [12] .
In an attempt to more accurately evaluate response of lung tumors to SABR, FDG-PET, which demonstrates tumor activity based on glucose uptake, has been used as follow-up imaging. In general, a decrease of SUV correlates with tumor response and local control [19] [20] [21] . However, some studies show that SUV may transiently increase shortly after SABR, presumably due to inflammatory reaction [16] [17] [18] . Furthermore, moderate increase in SUV can occur 2 years or more after treatment in patients without evidence of tumor recurrence [16] .
For both CT and FDG-PET, the need for follow-up using serial imaging cannot be overemphasized. Based on observations from the literature, controversies still exist as to whether FDG-PET is superior to CT for the follow-up of patients who receive SABR for lung tumors. Currently, Radiation Therapy and Oncology Group protocols of SABR for medically inoperable early-stage NSCLC predominantly are using CT to monitor tumor response, and FDG-PET is only obtained to look for FDG avidity similar to the initial tumor presentation if tumor enlargement occurs.
Conclusions
SABR has been demonstrated to be an effective and safe treatment for primary and metastatic lung tumors and has been widely adopted in practice. Although the data on post-SABR imaging changes are emerging, there are still challenges distinguishing between post-treatment changes and tumor progression. The necessity for evaluation based on serial imaging cannot be overemphasized. Controversies still exist as to whether CT or FDG-PET should be used for follow-up. More research is needed on diagnostic criteria for tumor progression versus post-treatment changes for both CT and PET. It is worthwhile to explore PET imaging techniques using tumorspecific radiotracers, which can potentially improve the positive predictive value for tumor recurrence.
